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c ovalent modification can expand a protein's functional capacity. Fluorescent or radioactive labeling, for instance, allows
imaging of a protein in real time. Labeling with an affinity probe enables isolation of target proteins and other interacting
molecules. At the other end of this functional spectrum, protein structures can be naturally altered by enzymatic action.
Protein—protein interactions, genetic regulation, and a range of cellular processes are under the purview of these post-
translational modifications. The ability of protein chemists to install these covalent additions selectively has been critical for
elucidating their roles in biology. Frequently the transformations must be applied in a site-specific manner, which demands the
most selective chemistry. In this Account, we discuss the development and application of such chemistry in our laboratory. A
centerpiece of our strategy is a “tag-and-modify” approach, which entails sequential installation of a uniquely reactive chemical
group into the protein (the “tag”) and the selective or specific modification of this group. The chemical tag can be a natural or
unnatural amino acid residue.

Of the natural residues, cysteine is the most widely used as a tag. Early work in our program focused on selective disulfide formation
in the synthesis of glycoproteins. For certain applications, the susceptibility of disulfides to reduction was a limitation and prompted the
development of several methods for the synthesis of more stable thioether modifications. The desulfurization of disulfides and
conjugate addition to dehydroalanine are two routes to these modifications. The dehydroalanine tag has since proven useful as a
general precursor to many modifications after conjugate addition of various nuceophiles; phosphorylated, glycosylated, peptidylated,
prenylated, and even mimics of methylated and acetylated lysine-containing proteins are all accessible from dehydroalanine.

While cysteine is a useful tag for selective modification, unnatural residues present the opportunity for bio-orthogonal
chemistry. Azide-, arylhalide-, alkyne-, and alkene-containing amino acids can be incorporated into proteins genetically and can be
specifically modified through various transformations. These transformations often rely on metal catalysis. The Cu-catalyzed
azide—alkyne addition, Ru-catalyzed olefin metathesis, and Pd-catalyzed cross-coupling are examples of such transformations. In
the course of adapting these reactions to protein modification, we learned much about the behavior of these reactions in water, and
in some cases entirely new catalysts were developed. Through a combination of these bio-orthogonal transformations from the
panel of tag-and-modify reactions, multiple and distinct modifications can be installed on protein surfaces. Multiple modifications
are common in natural systems, and synthetic access to these proteins has enabled study of their biological role.

Throughout these investigations, much has been learned in chemistry and biology. The demands of selective protein
modification have revealed many aspects of reaction mechanisms, which in turn have guided the design of reagents and catalysts
that allow their successful deployment in water and in biological milieu. With this ability to modify proteins, it is now possible to
interrogate biological systems with precision that was not previously possible.
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Introduction

The utility of covalent protein modification is manifold:
analytical probes can be attached for protein tracking,'
unnatural appendages such as artificial cofactors can impart
novel activity,® and protein conjugates have gained head-
way in therapeutic contexts.®> Proteins are also naturally
modified after translation, dramatically expanding their
functional capacity.? Synthetic installation of such modifica-
tions offers a way to access and study these macromole-
cules.”

There are many strategies for the chemical modification
of proteins.®~8 If the modified protein is to be further
studied in a functional context, then a well-defined modifi-
cation is essential. Achieving selective modification is often
fraught with difficulty: a single residue must react in pre-
ference to hundreds of other side chains, the reaction must
be efficient in buffered water, and the transformation must
proceed at or near room temperature. In this Account, we
describe our efforts to meet these challenges in accessing
precisely modified proteins. While many biological methods
are available to incorporate modified amino acids into
proteins,”?~ " we have adopted a combined biological and
chemical approach. The centerpiece of our program is a “tag-
and-modify” strategy'? that is inspired by prescient investi-
gations of pioneers such as Koshland,'*>~'> Bender,'®
Lowe,'” Jones,'® and Hilvert.'® The tag-and-modify method
relies on the installation of a uniquely reactive amino acid
tag at a specific site in the protein and the selective chemical
modification of that tag (Scheme 1).

The amino acid tag can be natural or unnatural, but the
final chemical transformation must be highly selective. To
meet the challenge of selectivity, we describe the develop-
ment of novel reagents, catalysts, and reactions. We hope
our reflection on this work will highlight the utility of these
transformations and help frame the challenges and oppor-
tunities that await in the synthesis and study of modified
proteins.

SCHEME 1. A Tag-and-Modify Strategy for Site-Selective Protein
Modification
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Protein Modification at Cysteine

Of the natural amino acids, cysteine is a convenient tag for
selective modification. Cysteine is highly nucleophilic and is
a classic target for selective reaction with electrophiles.°
Cysteine is easily installed at a site of interest by site-directed
mutagenesis and its relatively low natural abundance often
enables the preparation of single cysteine mutants. We first
describe the use of cysteine as a precursor to disulfides. We
then describe how these studies led to nonclassical routes
for cysteine modification: first, the conversion of disulfides to
thioethers, and then the conversion of cysteine to dehydro-
alanine.

Site-Selective Disulfide Formation

We first demonstrated our tag-and-modify strategy in the
construction of disulfide-linked glycoproteins. Glycoproteins
mediate a variety of cellular processes?' and access to
homogeneous glycoproteins is critical for their study.**?3
Attaching a glycan through a disulfide linkage provided an
early opportunity to assess glycoprotein function.

Trivially, mixing a thiol and a cysteine-tagged protein can
generate a mixed disulfide after air oxidation. However,
under such conditions unwanted symmetrical disulfides
can form. In contrast, reagents that bear methanethiosulfo-
nate (MTS),%*2> phenylthiosulfonate (PTS),%® or phenylsele-
nenylsulfide (SeS),?” react rapidly and specifically with
cysteine to provide mixed disulfides (Scheme 2A). These
transformations are neatrly instantaneous, allow Kkinetic
control of product formation, and do not require large
excesses of reagents. We have taken advantage of these
highly efficient reactions in a number of glycoprotein synth-
eses. For instance, glycodendriproteins®® synthesized
through this chemistry neutralized pathogens by degrading
their adhesion proteins.?® This chemistry was also used to
synthesize a delicate trisulfide-linked glycoprotein.® Finally,
the selenenylsulfide method allowed the conjugation of a
heptasaccharide, one of the largest synthetic glycans to be
attached to a protein.*’

The ease and utility of disulfide formation inspired a
method for the direct thionation of alcohols using Lawes-
son's reagent (Scheme 2B). While there are many methods
for the synthesis of thioglycosides and glycosyl thiols, most
require multistep syntheses with a heavy reliance on pro-
tecting groups.®' The conversion of reducing sugars to
glycosyl thiols using Lawesson's reagent requires no protect-
ing group intervention.>? In principle, this method allows the
thionation of sugars isolated from natural sources and direct
attachment to a protein.3? Lawesson's reagent also provides
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SCHEME 2. (A) Site-Specific Formation of Disulfide-Linked Glycoproteins, (B) Thionation of Reducing Sugars and Allylic Alcohols Using Lawesson's
Reagent Enabling Protein Glycosylation and Prenylation, Respectively, and (C) Representative Thiols Synthesized Using Lawesson's Reagent
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SCHEME 3. (A) Thioether-Linked Glycoprotein Synthesis by Disulfide Contraction, (B) A Model Desulfurization of a Cysteine Disulfide, and (C) "H NMR
Evidence for the Dehydroalanine Intermediate
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allylic thiols from the corresponding alcohols, enabling
access to well-defined prenylated proteins (Scheme 2().>3

Converting Disulfides to Thioethers
Disulfides are easily installed and are often stable in vivo, but

disulfides may be labile under reducing conditions. When
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the tethered modification is critical for the specific function
of the protein, a stable linkage is essential. In some cases,
one can take advantage of disulfide lability. For example,
electron-rich phosphines such as hexamethylphosphorus
triamide (HMPT) react with disulfide glycoconjugates to give
a thioether derivative (Scheme 3A).3% This transformation,
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SCHEME 4. Conversion of Cysteine to Dehydroalanine Using O-Mesitylenesulfonylhydroxylamine (MSH)?

“Thiol addition to dehydroalanine enables synthesis of post-translational modifications and their mimics.

inspired by Harpp and Gleason,®® let us combine the
convenience of disulfide modification with the benefit of
thioether stability.>* This transformation, at least in some
substrates, proceeds via attack of the aminophosphine at
the cysteine sulfur with subsequent elimination of the thio-
phosphonium ion to generate dehydroalanine.>* Addition
of the liberated thiol to dehydroalanine provides the thioe-
ther (Scheme 3B,Q).

This desulfurization of disulfides allowed the first formal
glycosylation of cysteine on a protein.>* Underlying me-
chanistic observations next led us to explore the direct
conversion of cysteine to dehydroalanine. We anticipated
many opportunities in protein modification with a general
method for dehyroalanine incorporation.

Thioethers from Dehydroalanine

Inspired by Koshland's seminal work on dehydroalanine-
containing proteins'>'> and our disulfide contraction stud-
ies discussed above,>* we set out to develop a general
method for the conversion of cysteine to dehydroalanine.
We considered that the efficient syn-elimination of sulfili-
mines>®37 was good reason to believe that the sulfenamide
of cysteine might undergo an analogous elimination. In-
deed, when treated with the electrophilic nitrogen source
O-mesitylsulfonylhydroxylamine (MSH), cysteine eliminated
rapidly to dehydroalanine.®® Application of this novel reac-
tion to a single-cysteine-tagged protein enabled efficient
incorporation of dehydroalanine (Scheme 4A).38

The use of dehydroalanine as a reactive tag enables access to
a wide range of post-translational modifications (Scheme 4B):3®

Addition of glycosyl thiols leads to S-linked glycoconjugates.
These structures are naturally occurring®®~4! and also serve as
analogs to the more common serine-linked glycoproteins.'**
Conjugate addition of thiophosphate yields phosphocysteine, a
natural modification.** We propose that phosphocysteine can
also serve as an functional mimic of phosphoserine that should
aid in the chemical biology of phosphorylation.** The naturally
occurring famesyl cysteine* is also accessible through dehy-
droalanine, as well as analogs of methylated lysine.*> These
lysine analogs are useful in the study of chromatin biology,
which is regulated, in part, by lysine methylation of histone
proteins.*6—48

While methylated lysine analogs can be accessed by direct
alkylation of cysteine,*® direct glycosylation or phosphorylation
of cysteine has not been reported for protein substrates.
Dehydroalanine provides direct access to these structures.
Addition to dehydroalanine most likely results in an epimeric
mixture, but this mixture does not precude use of these
modified proteins in biology. For instance, the acquired cap-
ability to install GICNAc cysteine residues in proteins via dehy-
droalanine enabled an investigation of endoglycosidase A
(Endo A) in the chemoenzymatic synthesis of glycoproteins.*
Complete conversions were observed in the Endo A-catalyzed
transfer of sugar oxazoline donors to proteins displaying
synthetically installed GICNAc—cysteine, suggesting that both
epimers were accepted by the enzyme.

Protein Modification at Unnatural Tags

So far our survey has focused on the unique reactivity of
cysteine, a natural amino acid. There are, however, many
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SCHEME 5. A Single Homoallylglycine Tag Was Reacted with Glycosyl Thiols under Free Radical Conditions in Sulfolobus solfataricus 5-Glycosidase (A)

and the Monomer of the Virus-Like Particle QS (B)
A.

Qp-(Hag16)4g0

methods for the incorporation of unnatural amino acid
tags® "' and their bio-orthogonal modification."”® We
now shift our focus to unnatural amino acids in the tag-
and-modify strategy.

Radical Addition of Thiols to
Homoallylglycine

The addition of thiols to dehydroalanine is a direct route to
several post-translational modifications (Scheme 4). How-
ever, when only efficient conjugation is required, rather than
post-translational mimicry, other methods allow access to
S-linked modifications. The addition of thiyl radicals to alkene-
tagged amino acids such as homoallylglycine (Hag) is one
method. Hag can be incorporated into proteins as a methio-
nine surrogate when using methionine auxotrophic bacteria
in methionine-depleted media.>®>" In this way, the Met trip-
let codon can be reassigned to Hag.

As afirst model for Hag modification, a single methionine
mutant of a $-glycosidase from Sulfolobus solfataricus (SspG)
was expressed in methionine auxtrophic Escherichia coli
supplemented with Hag. Hydrothiolation was then investi-
gated with glycosyl thiols. This method of glycoprotein syn-
thesis was designed to complement the related reaction of
cysteine with alkenes.>® Dual use of the water-soluble
radical initiator Vazo 44 and UV light (365 nm) led to the
most efficient conjugation (Scheme 5A).>3 We then applied
this transformation to a virus-like particle (Qp) that displays 180
homoallylglycine tags at predetermined sites (Scheme 5B).
Hydrothiolation with a glycosyl thiol provided a multi-
valent glycoprotein in which all Hag residues were mod-
ified. These homogenously modified particles are of potential
interest in synthetic vaccine development where statistical
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labeling of protein carriers with antigens is almost invari-
ably used for immunological tests.>* While we have
contributed methods for analysis of statistically modified
proteins,>® we anticipate that that the use of well-defined
vaccine constructs will allow a clear correlation between
antigen copy number, linker effects, carrier structure, and
the immunological outcome of vaccination.>®

Olefin Metathesis on Proteins

Another transformation that takes advantage of an alkene
tag is olefin metathesis.>” The functional group tolerance of
olefin metathesis and the prospect for carbon—carbon bond
formation motivated us to adapt this reaction to protein
modification. At the start of this project, however, homo-
geneous aqueous cross metathesis was limited to simple
alkenes such as allyl alcohol.>® Progress in aqueous olefin
metathesis>® was required for application to biomolecules.

Investigating olefin metathesis on a range of amino acids
in aqueous media, one residue was particularly reactive:
S-allyl cysteine.®® Extending the alkene by even one methy-
lene unit to the butenyl sulfide resulted in no cross-metath-
esis under the same conditions. Apparently, allyl sulfides
were exceptional substrates for olefin metathesis. At first this
observation was counterintuitive since prior observations
demonstrated a “general incompatibility of the ruthenium-
based metathesis catalysts with substrates containing sulfur-
(1) donor sites.”®" Allyl sulfides, it turns out, are an important
exception to this rule. Moreover, allyl sulfides are not simply
compatible with ruthenium metathesis catalysts; allyl sul-
fides enhance the rate of metathesis. We proposed a “sulfut-
relay” mechanism® to account for this rate enhancement
whereby sulfur coordinates to ruthenium, positioning the
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SCHEME 6. (A) Relative Reactivity of Allyl Chalcogenides in Olefin Metathesis, (B) Olefin Cross-Metathesis on an Allyl Selenide Tagged Protein, and (C)
Cross-Metathesis Partners That React Efficiently with Allyl Selenide Tagged Proteins
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allyl group proximal to the alkylidene and provoking rapid
metathesis. For longer chain alkenyl sulfides, such as bute-
nyl or pentyl sulfides, nonproductive chelation arrests
catalysis.®®

Next we benefited from the fortuitous intersection of our
program in cysteine modification and our foray in aqueous
olefin metathesis. S-Allyl cysteine could be incorporated into
proteins by the addition of allyl thiol to dehydroalanine or by
allylation of cysteine itself, enabling the first examples of
olefin metathesis on a protein substrate.®*®* Despite this
breakthrough, only a single example in our initial studies
proceeded to completion: cross-metathesis with allyl alcohol.

To address this shortcoming, the influence of sterics was
investigated. Unhindered allyl sulfides allowed a broader
substrate scope for protein modification.®® It also became
clear that allyl chalcogenides generally enhance the rate of
olefin metathesis, with allyl selenides as the most reactive
(Scheme 6A).°37°> By installation of an unhindered allyl
selenide on a protein surface, metathesis proceeded to
completion for several substrates (Scheme 6B,C). The reac-
tivity of allyl chalcogenides in olefin metathesis has moti-
vated our current efforts to incorporate these tags biosyn-
thetically.

While our primary interest in olefin metathesis is its applica-
tion to biomolecules,®” the principles uncovered during these
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investigations are useful in general synthetic endeavors.®* We
next turn to another widespread transformation that enables
carbon—carbon bond formation and discuss its implementa-
tion in the tag-and-modify strategy.

Cross-Coupling on Proteins

Palladium-catalyzed cross-coupling is ubiquitous in organic
synthesis.%® In particular, the Suzuki—Miyaura coupling® is
well suited for biomolecules due to its high functional group
tolerance and compatibility with water.°® Yet, despite the
ability to genetically incorporate cross-coupling partners, the
challenge of cross-coupling on proteins had been met with
little success since first proposed in 2000.°° Sonogashira,
Heck, and Suzuki—Miyaura reactions on proteins invariably
gave low conversion.”®~72 From these reports, the need for

active catalysts was apparent.

While addressing this issue, we discovered a novel
catalyst for efficient Suzuki—Miyaura coupling in water
(Scheme 7).”3 To validate this catalyst in protein modification,
an aryl iodide was installed chemically by alkylating a single
cysteine protein mutant (Scheme 7A). Rapid cross-coupling
was observed on this protein with a variety of substrates
(Scheme 7B). No organic solvent was used in these reac-
tions, and full conversion was observed in all cases. The
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SCHEME 7. (A) Suzuki—Miyaura Coupling on a Subtilisin Mutant (SBL) Containing a Chemically Installed Aryl Idodide, (B) Cross-Coupling Partners Used
in Model Couplings on SBL, (C) The First Suzuki—Miyaura Cross-Coupling at a Genetically Encoded p-lodophenylalanine in Maltose Binding Protein
(MBP)
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SCHEME 8. (A) The Aha Tagin Glycoprotein Synthesis on a Model Protein (Np276 from Nostoc punctiforme) and (B) The Hpg Tag in the Synthesis of an
8k-Labeled Glycoprotein
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hydrophobic modifications since water solubility of these  genic protein labeling since biaryl side chains display unique
substrates is conferred by formation of the borate salt. An  spectral sighatures.
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SCHEME 9. A Dual Tag-and-Modify Process Enables Multisite Protein Modification and the Synthesis of a Functional PSGL-1 Mimic
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While this was the first cross-coupling to proceed to
completion on a protein, the aryl iodide was installed chemi-
cally. Genetically incorporated aryl iodides, in contrast, cre-
ate opportunities for in vivo protein labeling. Accordingly, we
incorporated p-iodophenylalanine into maltose binding pro-
tein (MBP) in response to the amber stop codon.”* The use of
our pyrimidine—palladium catalyst enabled the first Suzuki—
Miyaura coupling at a genetically incorporated aryl iodide
(Scheme 7C).”> Additionally, a method to scavenge Pd was
described in this report (Scheme 7). This scavenging may be
important for metal-mediated modifications where residual
metals must be removed.

Protein Modification at Azide and Alkyne
Tags

Like homoallylglycine, azidohomoalanine (Aha) can be in-
corporated into proteins as a methionine surrogate; reas-
signing the Met triplet codon to an azide tag.”® The azide is a
versatile functional group for bio-orthogonal chemistry”” and
reacts efficiently with alkynes in the copper-catalyzed”®”® or

O) Synthetic PSGL-1 mimic
0,8

strain-promoted [3 + 2] cydoaddition.2%8' We have included
the azide in our standard panel of tags and have capitalized on
efficdient cycloaddition at Aha. In one example, N-acetylgluco-
samine (GIcNAQ-modified proteins were prepared by this
method and used to probe the substrate tolerance of endogly-
cosidase A (Scheme 8A).%° This investigation revealed that the
triazole was the linker of choice for hindered sites, while a
thioether-linked GICNAc gave highest conversion for exposed
sites.*® These subtle linker effects will help guide future che-
moenzymatic strategies in the synthesis of glycoproteins.

A hallmark of the azide—alkyne cycloaddition is the high
reaction rate. To coordinate positron emission tomography
with protein modification, we have taken advantage of these
fast ligations to synthesize '®F-labeled glycoproteins. Using a
homopropargylglycine (Hpg) tag incorporated as a methionine
surrogate (reassigning the Met codon to an alkyne tag),>' we
were able to link ['®F]-2-fluorodeoxyglucose to a model protein
(Scheme 8B).22 This experiment was completed in justover 2 h,
demonstrating that radiolabeled glycoproteins can be synthe-
sized in a time frame compatible with the short half-life of '8F.
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SCHEME 10. The “Tag-and-Modify” Approach to Protein Modification
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Installing Two Distinct Modifications

The modifications discussed above were all at a single tag.
Nature, in contrast, frequently installs multiple and distinct
modifications on proteins.* To access these proteins or
suitable mimics, orthogonal tags are required. As a demon-
stration of dual differential modification, we have synthe-
sized a functional mimic of P-selectin-glycoprotein-ligand-1
(PSGL-1).2% PSGL-1 naturally displays two different modifica-
tions: an O-linked sialyl Lewis* (sLe*) glycan and a sulfated
tyrosine that together mediate binding to P-selectin, a pro-
cess observed during the inflammatory response. To access
a PSGL-1 mimic, the g-glycosidase from Sulfolobus solfatar-
icus (SspG) was first engineered to display cysteine and
azidohomoalanine’® tags at approximately the same spatial
relationship as the modifications in the natural PSGL-1. At
the cysteine tag, a mimic of sulfated tyrosine was installed by
disulfide formation. At the azide tag, sialyl Lewis* was instal-
led by the copper-catalyzed azide—alkyne cycloaddition
(Scheme 9).”87° The resulting synthetic mimic of PSGL-1
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showed binding to human P-selectin in vitro and in vivo at
sites associated with inflammation. This binding demon-
strated that functional mimicry is possible even without
using the PSGL-1 protein sequence. The innate glycosidase
activity of the SspG scaffold further serves as a reporter
mechanism. Thus, when treated with glycosidase substrate
X-Gal, the PSGL-1 mimic generates an amplified signal and
allows sensitive visualization of inflammation. Importantly,
because of the choice of a generic protein scaffold (the TIM
barrel protein Ss3G), this approach, in principle, could be
translated to other TIM barrel proteins to exploit their inhe-
rent functions.

The synthesis of the PSGL-1 mimic is a rare example of
sequential protein modification at multiple sites. This strat-
egy is made possible by access to multiple tags with mu-
tually compatible reactivity. While the triazole and disulfide
linkages sufficed in this context, many proteins bear multiple
post-translational modifications on residues that may not be
effectively mimicked through these linkages. For the study



of multiple and different post-translational modifications on
a single protein, additional orthogonal tags and reactions
are needed.® This need for expanded orthogonal chemistry
is shaping our current research efforts.

Conclusion and Outlook

Over the last decade, we have explored chemistry useful in
the selective modification of proteins (Scheme 10). Each
method in this Account has revealed unique insights into
selectivity, mechanism, and scope of the chemical modifica-
tion of proteins. This panel of techniques is useful in the
analysis of a wide array of post-translational modifications
and shows promise in diagnostic and therapeutic arenas
that require synthetic biologics.

The future of chemical protein modification is rife with
opportunity. Even the most fundamental cellular processes
are regulated by proteins bearing multiple modifications. A
challenge awaits in both chemistry and biology to access
these structures and deduce their precise role. Moreover,
while functional mimics of post-translational modifications
can be accessed through bio-orthogonal tags, accessing the
native modification through selective chemistry is an on-
going challenge. A goal in this endeavor is to use chemistry
that rivals the precision of enzymes. As these transforma-
tions develop, this chemistry should complement and ex-
pand standard genetic and biochemical techniques in
protein synthesis.®* As we pursue these goals, we will
maintain a general sensitivity to both chemical synthesis
and biology. Ultimately, we hope the methods and materials
that are the fruits of these efforts will enable the design of
protein function, shed light on the intricate biology of post-
translational modifications, and provide therapeutics for
outstanding problems in medicine.
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